Slow-moving landslides (earthfl ows) can dominate hillslope sediment fl ux and landscape erosion in hilly terrain with mechanically weak, fi ne-grained rock. Controls on the occurrence of slow-moving landslides are poorly constrained and need to be under stood for landscape evolution models, sediment budgets, and infrastructure and hazards planning. Here, we use airborne interferometric synthetic aperture radar (InSAR ) and aerial photographs to document 150 previously unidentifi ed active earthfl ows along the central, creeping portion of the San Andreas fault, California. The earthfl ows move seasonally in response to winter rainfall, occur on hillslopes at ~20%-40% gradients (less than typically asso ciated with rapid, catastrophic landslides), and have similar morphological characteristics to earthfl ows in different climatic and tectonic settings. Although our data extend up to 10 km from the fault trace, ~75% of detected landslides occur within 2 km of the active fault. Topographic, pre cipi tation, and rock type metrics alone are not enough to explain the observed spatial distribution of earthfl ows. Instead, we hypothesize that earthfl ows cluster near the creeping San Andreas fault because of a fault-induced zone of reduced bulk-rock strength that increases hillslope susceptibility to failure. In addition, similar lithology, topography, and climate exist north of the creeping section of the fault, yet earthfl ows there are rare. This may be due to large-magnitude earthquakes episodically triggering coseismic rapid landslides, which preferen tially remove weak rock from the fault damage zone. Our analysis suggests that the necessary conditions for earthfl ow formation in central California include some combination of reduced rock strength, fi negrained sedimentary rock, threshold precipitation and relief, and possibly the absence of large-magnitude earthquakes. These conditions likely hold for earthfl ow development in other areas, and our work suggests that local variations in rock strength and seismicity, such as those associated with fault zones, need to be taken into account in order to accurately predict earthfl ow occurrence.
INTRODUCTION
In areas of weak, fi ne-grained bedrock with low to moderate hillslope gradients, slowmoving landslides can be the primary drivers of hillslope lowering and the dominant source of sediment to river networks (Kelsey, 1978; Schwab et al., 2008; Roering et al., 2009; Mackey and Roering, 2011) . The transport of sediment from hillslopes to river networks via slow-moving landslides has direct implications for fl uvial erosion and river-profi le evolution (e.g., Kelsey, 1978; Korup, 2006) , sedimentation engineering and loading (e.g., Brown and Ritter, 1971) , and aquatic habitat (e.g., Lisle, 1989; Montgomery, 2004) . Furthermore, slowmoving landslides can damage roads and structures (e.g., Putnam and Sharp, 1940) , and pose further hazards to property and life via mobilization into debris fl ows (Reid et al., 2003) .
We use the terms slow-moving landslides and earthfl ows interchangeably to refer to active hillslope mass failures involving nonturbulent downslope movement of hillslope material, typically at rates of millimeters to meters per year (Cruden and Varnes, 1996) . These landslides can exceed 5 m in depth, can deform via a combination of basal sliding and internal deforma tion, can be continually active for periods of years to centuries, and are distinct from rapid, catastrophic landslides that occur over periods of seconds to minutes (e.g., Kelsey, 1978; Bovis and Jones, 1992; Coe et al., 2003; Mackey and Roering, 2011) . Earthfl ow thickness is commonly assumed to extend to near the base of the zone of weathered bedrock (e.g., Swanson and Swanston, 1977; Trotter, 1993; Booth and Roering, 2011) , resulting in transport of both weathered bedrock and soil. Since earthfl ows require readily available material to transport, the bedrock weathering rate may limit earthfl ow activity (Mackey and Roering, 2011) .
While the kinematics and mechanics of individual earthfl ows have been studied for over 70 yr (e.g., Putnam and Sharp, 1940; Hutchinson and Bhandari, 1971; Kelsey, 1978; Keefer and Johnson, 1983; Iverson and Major, 1987; Angeli et al., 1996; Schulz et al., 2009) , the controls on the spatial distribution of active earthfl ows are still poorly understood. In comparison, the spatial distribution of large catastrophic landslides has been widely shown to depend on uplift rates, climate, lithology, topography, rock structure, and seismicity (e.g., Keefer, 1984; Gabet et al., 2004; Roering et al., 2005) . Similarly, the locations of smaller shallow landslides frequently correlate with soil depth, drainage area, convergent topography, intense precipitation, and removal of vegetation (e.g., Montgomery and Dietrich, 1994; Dietrich et al., 1995; Montgomery et al., 2000; Schmidt et al., 2001) . Although slowmoving landslides are known to preferentially occur in Mediterranean-type climates with moderate hillslope gradients and mechanically weak sedimentary rock (e.g., Kelsey, 1978; Keefer and Johnson, 1983) , there are numerous landscapes with these environmental conditions where active earthfl ows are not present, as well as mountainous areas with more extreme climates that do feature active earthfl ows (e.g., Angeli et al., 1996; Leprince et al., 2008; Schulz et al., 2009) . Where earthfl ows do occur,is required for extensive earthflow activity (Mackey and Roering, 2011 ). An understanding of the controls on the spatial distribution of slow-moving landslides is needed to assess their contribution to erosion and landscape morphology, which in turn are essential inputs to landscape evolution modeling (e.g., Tucker and Hancock, 2010) , geomorphic transport laws , and hazard analysis (e.g., Radbruch-Hall et al., 1982) .
The spatial distribution of earthfl ows may be infl uenced by a number of geologic, biologic, climatic, and topographic factors, including, but not limited to, rock type, rock strength, bedrock fracture density, bedrock weathering rate, uplift rate, vegetation type and density, precipitation rate and intensity, hillslope azimuthal orientation (i.e., topographic aspect), and hillslope gradient (Kelsey, 1978; Keefer and Johnson, 1983; Bovis, 1985; Iverson, 1985; Zhang et al., 1993; Mackey and Roering, 2011) . The majority of these variables have not been explored in a systematic way, and, in most cases, it is diffi cult to link earthfl ow distribution to a certain process. For example, several studies have noted a preference for earthfl ow occurrence on southfacing hillslopes (e.g., Putnam and Sharp, 1940; Kelsey, 1978; Mackey and Roering, 2011) , but there are competing explanations for this dependency, including the lack of deep-rooted vegetation (Kelsey, 1978) and desiccation cracking (McSaveney and Griffi ths, 1987; Mackey and Roering, 2011) .
Here, we focus on two possible controls on the spatial distribution of slow-moving landslides that have not been previously explored, the infl uence of fault-zone damage and largemagnitude earthquakes. Discrete seismic events along faults create a near-fault zone of fractured and pulverized rock (e.g., Chester and Logan, 1986; Ben-Zion and Sammis, 2003; Dor et al., 2006; Mitchell et al., 2011; Savage and Brodsky, 2011) . The width of this damage zone varies, but it can range from intense fracturing at scales of meters to hundreds of meters centered on the fault trace, with less intense fracturing extending several kilometers from the fault at the surface (e.g., Fialko et al., 2002; Ma, 2008; Finzi et al., 2009; Savage and Brodsky, 2011) . Fault damage zones infl uence erosional processes (Wechsler et al., 2009) , and one hypothesis we explore herein is that these zones may be favorable for slow-moving landslides due to reduced bulk-rock strength and the presence of bedrock fractures. However, an alternate hypothesis is that rapid, catastrophic landslides, which commonly occur following large earthquakes (e.g., Lawson, 1908; Keefer, 1984; Malamud et al., 2004b) , may preferentially remove fractured and weathered rock from the fault damage zone (e.g., Parker et al., 2011) , leaving behind stronger bedrock in which earthfl ow formation is minimized.
To test these two competing hypotheses for fault-zone controls on the spatial distribution of earthfl ows, we investigated the central portion of the San Andreas fault in central California, where fault-zone damage can be isolated from large coseismic landslides due to the presence of a "creeping" section of the fault that lacks large earthquakes. We used airborne interferometric synthetic aperture radar (InSAR) to map slowmoving landslides along the creeping section of the central San Andreas fault ( Fig. 1 ) and compared these results to (1) earthfl ows in northern California, which occur in a similar lithology, but under different climatic and tectonic conditions (Mackey and Roering, 2011) , and (2) earthfl ows (or a lack thereof) along the locked section of the central San Andreas fault. We begin by providing a description of the study area and the methods employed in processing and analyzing the airborne InSAR data. Next, we present results on the morphologic characteristics of the earthfl ow population; seasonal changes in earthfl ow activity; the observed spatial distribution of active landslides in relationship to geologic, climatic, and topographic variables; and comparison to earthfl ows in northern California. Finally, we explore the role of reduced rock strength in the San Andreas fault damage zone as a possible mechanism for the observed earthfl ow spatial distribution, and compare earthfl ow distributions in the creeping versus locked sections of the San Andreas fault to examine the infl uence of large-magnitude earthquakes.
STUDY AREA
The region bounding the creeping section of the San Andreas fault in central California provides an ideal location to investigate the infl uence of fault damage zones and seismicity on the spatial distribution of earthfl ows. The area is subject to a common tectonic history and features many previously unmapped slope failures with morphologies characteristic of slow-moving landslides. The landslides occur dominantly along a narrow zone running parallel to the San Andreas fault, thus providing a long, linear swath ideal for spatial analysis (cf. Hilley and Arrowsmith, 2008) . We examine the spatial distribution of active earthfl ows over an ~145-km-long by 22-km-wide swath parallel to (and approximately centered on) the creeping segment of the San Andreas fault (Fig. 1) .
The San Andreas fault is a right-lateral strike-slip fault and is divided into locked sections that exhibit stick-slip behavior due to large-magnitude earthquakes, and a creeping section that exhibits near continuous deformation. The creeping section of the San Andreas fault extends north-northwest from Parkfi eld, California, to San Juan Bautista, California, and it creeps at a rate of ~3 cm/yr (Savage and Burford, 1973; Burford and Harsh, 1980; Titus et al., 2005; Rolandone et al., 2008; Ryder and Bürgmann, 2008) (Fig. 1) . North and south of the creeping section, the fault is locked and generates relatively large-magnitude earthquakes, while within the creeping section, there are small (M w < 4) but frequent earthquakes (e.g., Nadeau and McEvilly, 2004) .
Rock type southwest of the creeping section of the San Andreas fault consists of marine sandstones, mudstones, and shales dominantly from the Pancho Rico, Santa Margarita, and Monterey Formations. Lithology northeast of the fault consists of Franciscan mélange, serpentinite, marine sandstone of the Etchegoin Formation, and shales of the Monterey, Gravelly Flat, and Panoche Formations (Dibblee, 2005 (Dibblee, , 2006 (Dibblee, , 2007a . The area southwest of the fault is characterized by low-relief rolling hills (up to ~200 m ridge to valley relief), while the area northeast of the fault is steeper and has higher relief (up to ~900 m ridge to valley relief), which may be due to more competent bedrock. Average annual precipitation, as measured by rain gauges, ranges from ~225 to 500 mm/yr in the study area, with higher average annual levels of precipitation northeast of the San Andreas fault (Western Regional Climate Center, 2011) .
At the southern and northern extents of the San Andreas fault creeping section, seismic data sets show the presence of a low-velocity zone up to ~6 km wide at the surface, with a wider damage zone on the northeastern side of the fault (e.g., Thurber et al., 1997; Li et al., 2004; Lewis et al., 2007) . This asymmetry is likely due to lithology differences on either side of the fault that induce preferential propagation directions for seismic waves (e.g., Ben-Zion and Shi, 2005; Dor et al., 2008) . Electromagnetic imaging in the creeping section shows areas of low resistivity overlapping with lowseismic-velocity zones (Unsworth et al., 1999; Bedrosian et al., 2004) . Both low seismic velocity and low resistivity have been inferred to represent high bedrock fracture density, which acts to reduce bulk-rock strength (Bedrosian et al., 2004; Clarke and Burbank, 2010) . A fault damage zone likely exists throughout the creeping section of the San Andreas fault, as measurements of fault offset features suggest the San Andreas fault has experienced 300-320 km of cumulative displacement (compared to the ~150 km length of the creeping zone), ensuring that material currently in the creeping section has previously passed through locked portions of the fault subject to stick-slip behavior (Huffman, 1972; Matthews, 1976; Graham et al., 1989; Revenaugh and Reasoner, 1997) .
AIRBORNE InSAR ACQUISITION AND PROCESSING
We mapped active earthfl ows using InSAR data that were acquired by the Uninhabited Aerial Vehicle Synthetic Aperture Radar (UAVSAR) system, which is operated by the National Aeronautics and Space Administration's (NASA) Jet Propulsion Laboratory, and are publicly available from the Alaska Satellite Facility (http://uavsar.jpl.nasa.gov/). UAVSAR is a left-looking, L-band (24 cm wavelength, 1.25 GHz), fully polarimetric, repeat-passcapable synthetic aperture radar (SAR) system that, at the time of data collection, was fl own aboard a NASA Gulfstream III aircraft. The system is capable of collecting data with a 1.9 m range (cross-track) and 0.8 m azimuth (along-track) resolution (Hensley et al., 2009b) . The use of an airborne platform distinguishes UAVSAR from more conventional spaceborne SAR systems (e.g., ALOS, ERS, etc.), which typically provide greater spatial coverage at the expense of coarser resolution, fi xed fl ight tracks, and fi xed repeat-pass times.
Compared to data acquired from satellites, random aircraft motions complicate the processing task and are, to a signifi cant degree, accounted for using data from UAVSAR's native differential global positioning system (GPS) and inertial navigation unit, which operate in conjunction with the precision autopilot system. The centimeter-scale residual motion between aircraft repeat passes (i.e., residual interferometric baseline) that is uncompensated for using onboard metrology data is estimated from the imagery registration information between the two InSAR passes to generate geodetically useful data (Hensley et al., 2009a) . Small residuals can remain after this process, but because UAVSAR maintains a very small baseline (typically less than 2 m), interferometric noise (decorrelation) is primarily due to temporal variations in the study area. UAVSAR data are geolocated and typically averaged over a 3 × 12 (range × azimuth) pixel window prior to public distribution to give a usable resolution of 5.7 m in range and 9.6 m in azi muth. Unwrapped interferograms are available with the UAVSAR repeat-pass interferometry (RPI) data, but we chose to unwrap the interferograms ourselves using the StatisticalCost, Network-Flow Algorithm for Phase Unwrapping (SNAPHU; Chen and Zebker, 2000 software suite, because the high relief in the study area yields branches of low interferometric correlation (high noise), which can cause the standard unwrapping algorithm used in the UAVSAR processing chain to neglect large portions of usable data. We fi ltered the interferograms using the Goldstein-Werner fi ltering method (fi ltering exponent = 0.5, fi ltering window = 3 × 3, and interferometric correlation estimation window = 5 × 5; Goldstein and Werner, 1998) prior to unwrapping with SNAPHU, and we excluded data that have interferometric correlation values less than 0.3 (Rosen et al., 2000; Simons and Rosen, 2007) .
EARTHFLOW MORPHOLOGY AND BULK CHARACTERISTICS

Methods
Even with high-resolution imagery and topographic data, it can be diffi cult to differentiate between active and dormant earthfl ows, which can retain morphological signatures of movement long after fl owing has ceased Mackey and Roering, 2011) . To objectively identify active features, we mapped landslides within the spatial extent of UAVSAR line 14003 (heading 140° from north), which runs parallel to the creeping section of the San Andreas fault ( Fig. 1 (Gesch et al., 2002; Gesch, 2007) . Because InSAR measurements are only sensitive to the component of motion along the radar lineof-sight (LOS), we examined an additional 30 interferograms generated from UAVSAR fl ight lines that were fl own perpendicular to the San Andreas fault (Table 1) . We note that the majority of active landslides documented herein are observable in the interferograms formed from UAVSAR fl ight line 14003. The highresolution of airborne InSAR and ability to fl y at any desired heading allows documentation of deformation on small active earthfl ows (>50 m in width). The data set includes three different lines of sight covering different lengths of time (~0.5 yr to almost 2 yr repeat-pass time).
We identifi ed active landslides as areas that showed a departure from the background interferogram phase and were coincident with morphometric features (observed in high-resolution aerial images) indicative of slow-moving landslides (e.g., lateral margins, pressure ridges, and hummocky terrain; Kelsey, 1978; Cruden and Varnes, 1996; McKean and Roering, 2004; Booth et al., 2009; Mackey and Roering, 2011) . To minimize false positives in active landslide classifi cation, we required both characteristic earthfl ow terrain in aerial images and motion revealed by InSAR for identifi cation. Field reconnaissance of InSAR-identifi ed earthfl ows revealed deformed roads and active highway maintenance as additional evidence of recent activity (Fig. 2) . The majority of identifi ed earthfl ows exhibited increased velocity during winter months, as is commonly observed for slow-moving landslides (discussed later herein), suggesting that InSAR detected true landslide motion. Finally, we note the absence of large landslide scars within the study area, suggesting that the earthfl ows are not related to rapid, catastrophic landslides.
Earthfl ow Slope Distribution
We identifi ed a total of 150 slow-moving landslides that were active within the study region between May 2010 and July 2011. These landslides vary in active width from ~50 to 1500 m, active length from ~100 to 2500 m, active area from ~0.005 to 2 km 2 , and show a lognormal distribution of areal extent (Fig. 3) . Mean earthfl ow slope (defi ned as the mean of all slope values calculated on a pixel by pixel basis within an earthfl ow) is limited to a narrow range (0.32 ± 0.1, mean ± 1σ standard deviation; Fig. 4A ). We interpret the narrow slope distribution of earthfl ows to suggest slow-moving landslides may regulate hillslope gradients and create threshold hillslopes (e.g., Carson and Petley, 1970; Burbank et al., 1996; Mackey and Roering, 2011) . That is, when hillslopes exceed a threshold angle, gravitational stresses become large enough to induce earthfl ow activity; earthfl ows then advect material downslope until the hillslope gradient falls below a threshold angle, and movement ceases due to the reduction in gravitational stress. Threshold hillslopes are typically associated with rapid landsliding (e.g., Burbank et al., 1996; Larsen and Montgomery, 2012) , which limit hillslope gradients to slopes of ~0.6 (~30°; e.g., Roering et al., 2001; Binnie et al., 2007; Ouimet et al., 2009 ), compared to earthfl ows which appear to limit hillslopes to much lower gradients (i.e., slopes of ~0.3).
A complication to the threshold hillslope hypothesis is our observation of earthfl ow slope varying inversely with landslide areal extent (Fig. 3) . Assuming earthfl ow area scales with landslide thickness, as has been shown for rapid landslides (e.g., Larsen et al., 2010) , thicker earthfl ows failing at lower slopes suggests that earthfl ows initiate movement at a threshold basal shear stress rather than a threshold slope. However, this is a second-order effect in our study area, as mean earthfl ow slope decreases by a factor of approximately one third over two orders of magnitude change in landslide areal extent.
We compared the slope distributions of earthfl ows in this study to another population of 122 slow-moving landslides within the Eel River watershed in northern California (Mackey and Roering, 2011) . The Eel River watershed has similar lithology to our study site (most earthfl ows occur in Franciscan Complex mélange), with ~2-3 times greater annual average precipitation rates, and slightly higher vegetation densities (Mackey and Roering, 2011) . Both populations of earthfl ows show narrow distributions of mean earthfl ow slope and have statistically indistinguishable mean slope distributions (p = 0.62 in a two-sample t-test at 5% confi dence level; Fig. 4B ). The observation that earthfl ow populations in distinct climates and tectonic regimes have indistinguishable hillslope gradient distributions further supports the idea that earthfl ows set threshold hillslopes.
Earthfl ow Aspect Distribution
Earthfl ows along the San Andreas fault occur dominantly on southwest-facing slopes between ~170° and 250° aspect (Fig. 4C) . The aspect dependence could be infl uenced by the distribution of slopes adjacent to the San Andreas fault, where earthfl ows are most common; however, southwest-facing hillslopes only account for one third of the terrain immediately adjacent to the San Andreas fault, compared to the approximately two thirds of earthfl ows with average aspects between 170° and 250° (Fig. 4) . Additionally, although the southwest aspect of earthfl ows matches the radar LOS of the line 14003 interferogram, the observed aspect dependence should not be an artifact of limited radar LOS diversity since we mapped landslides using interferograms with three different LOS directions, thereby eliminating bias due to a single imaging geometry. Southwest aspect dependence could arise due to increased solar insolation on south-facing hillslopes, which induces desiccation cracks, facilitating water fl ow to the earthfl ow failure plane (McSaveney and Griffi ths, 1987; Mackey and Roering, 2011) , or due to an absence of deep-rooted vegetation on south-facing hillslopes, which increases hillslope susceptibility to rapid landslides (e.g., Montgomery et al., 2000; Schmidt et al., 2001; Roering et al., 2003) and has been argued to apply to earthfl ows (Kelsey, 1978; Zhang et al., 1993) . We note that the southwest-facing hillslopes observed here lacked trees or other deeprooted vegetation (both on stable and active terrain), and the southwest aspect dependence of earthfl ows is more pronounced than that found by Mackey and Roering (2011) (Fig. 4D ). This may be due to more systematic variation in vegetation with aspect in our study area compared to that of Mackey and Roering (2011) , who found no systematic difference in vegetation cover between hillslope directions in their study area, and would thus suggest that both lack of deep-rooting vegetation and increased solar insolation are important factors for predicting earthfl ow spatial distribution. Interestingly, Beaty (1956) noted a preference for earthfl ows on north-facing hillslopes near Berkeley, California, and argued that reduced solar insolation on north-facing hillslopes allowed increased moisture retention. In our study area, we see no preference for earthfl ows on north-facing hillslopes, suggesting that vegetation and solar insolation-induced desiccation cracking may be more important in controlling earthfl ow spatial distribution than moisture retention.
EARTHFLOW VELOCITIES Methods
The study area is characterized by an increase in precipitation during winter months (Fig. 5) , and comparison between the 11 May Slopes SAF Earthflows (this study) Slopes Eel River Earthflows (Mackey and Roering, 2011) Binned slopes SAF (this study) Binned slopes Eel River (Mackey and Roering, 2011) Cumulative probability SAF Earthflows (this study) Cumulative probability Eel River Earthflows (Mackey and Roering, 2011 Table 1 for full interferogram identifi cations) allowed us to document changes in earthfl ow activity, spatial extent, and velocity between a relatively dry period and a relatively wet period. LOS velocities for individual earthfl ows were calculated for the fault-parallel interferograms by locally subtracting the mean phase value of the area around the landslide from the unwrapped interferogram. Since InSAR only measures LOS velocity, we do not know true downslope earthfl ow velocities. However, the majority of landslides are oriented at similar angles with respect to the radar LOS direction, thus allowing meaningful relative comparison of LOS velocities between earthfl ows.
In order to examine the total number of earthfl ows that showed an increase in LOS velocity, we compared the distribution of the ratio v w /v s , where v w and v s are the median LOS velocity of a given landslide in the winter and summer interferogram, respectively. We excluded all areas with interferometric correlation less than 0.3 in our analysis of velocity and defi ned a value, a*, representing the fraction of a given earthfl ow area with interferometric correlation values greater than 0.3; for example, a value of a* = 0.9 means 90% of the pixels within the earthfl ow areal extent have interferometric correlation > 0.3.
Seasonal Controls on Earthfl ow Velocity and Areal Extent
Comparisons between the winter and summer interferograms showed that both landslide velocity and areal extent tend to increase in the wetter (i.e., winter) period (cf. Calabro et al., 2010) . For example, a seasonal increase in individual earthfl ow activity is clearly illustrated for a large landslide in the study area where we observed that the winter interferogram showed downslope movement in many portions of the earthfl ow not active in the summer interferogram, as well as 25%-200% increase in LOS velocity relative to the summer interferogram (Fig. 6) .
We found that ~75% of earthfl ows showed an increase in median velocity (v w /v s > 1) between the summer and winter interferograms, with many landslides more than doubling velocity, and a maximum rate of velocity increase of v w /v s = 10.2 (Fig. 7A) . The calculated increase in median velocity was not particularly sensitive to values of a*, except at very high a* values, where low sample size may have introduced error (Fig. 7B) . We also note that when examining the 90th LOS velocity percentile, more than 80% of earthfl ows were interpreted to have increased in velocity in the winter interferogram, and there was a slightly stronger dependence on a* (Fig. 7C) .
We interpret the observed increase in velocity and earthfl ow areal extent in the winter interferogram as due to winter precipitation that increased pore-water pressure within earthfl ows (e.g., Iverson and Major, 1987; Schulz et al., 2009 ). Seasonal, precipitation-driven increases in earthfl ow velocity have been well documented for several individual and small groups of earthfl ows (e.g., Putnam and Sharp, 1940; Angeli et al., 1996; Coe et al., 2003; van Asch, 2005; Calabro et al., 2010) , but no study, to our knowledge, has documented such behavior across an entire study area. The increase in areal extent of active earthfl ows in the wet period suggests the possibility of a yield strength, whereby portions of an individual landslide can switch between active and inactive.
SPATIAL DISTRIBUTION OF EARTHFLOWS Methods
In order to examine controls on the spatial distribution of active earthfl ows along the creeping section of the San Andreas fault, we divided the study area into sets of evenly spaced fault-parallel and fault-perpendicular swaths for which we calculated zonal statistics of earthfl ow activity, topographic metrics, precipitation metrics, and rock type. This analysis was designed to test for confounding variables that may explain the distribution of earthfl ows independent of the association with the San Andreas fault. The fault-perpendicular swaths were 4 km (along-fault) by 12 km (cross-fault) and extended the full ~145 km length of the study area (Fig. 8A) . The fault-parallel swaths were 1 km (cross-fault) by 75 km (along-fault) extending approximately from Parkfi eld, California, to Bitterwater, California (Fig. 8B) . Both sets of swaths were selected so that the majority of active landslides would be included within the swaths, but small enough so that landslideprone areas and landslide-absent areas were not included within a single swath. For each swath segment, we calculated the percent of terrain that was actively deforming, the mean hillslope gradient (from the 10 m NED DEM), the fraction of southwest-facing hillslopes, the total precipitation over the study period (May 2010-July 2011, estimated for 4 × 4 km grid cells by a spatial climatic interpolation; PRISM Climate Group, Oregon State University), maximum predicted 7 d rainfall intensity for a 2 yr recurrence interval period (estimated for ~0.9 × 0.9 km grid cells by a spatial climatic interpolation; Percia, 2011) , and the fraction of the dominant regional rock types (sandstone, mudstone, shale, and Franciscan mélange) exposed within each swath segment. Lithology was mapped by digitizing major units in 13 geologic maps along the San Andreas fault (Dibblee, 2005 (Dibblee, , 2006 (Dibblee, , 2007a ; each unit was characterized by its dominant lithology.
In addition to these variables, we also compared measures of seismicity to earthfl ow occurrence within swaths along the creeping section of the San Andreas fault in order to investigate if an anticorrelation exists between large-magnitude earthquakes and earthfl ow activity, as suggested earlier. We used peak ground acceleration (PGA) as a ground motion variable to represent seismicity because catastrophic landslide spatial density following large earthquakes has been shown to scale with PGA (Meunier et al., 2007 (Meunier et al., , 2008 . We calculated PGA at 1 km 2 grid cells for all 3576 earthquakes (M w > 0.5) that occurred between 11 May 2010 and 12 July 2011 within our study area (the time frame corresponding to line 14003 interferograms, which were used in landslide mapping), as well as for 42,731 earthquakes that occurred during a 20 yr period from 1 January 1991 to 31 December 2010. The 20 yr data set has 33 earthquakes with M w ≥ 4, including the 2004 Parkfi eld earthquake (M w = 6.0). We obtained earthquake magnitudes and locations from the Northern California Earthquake Data Center (http://quake.geo.berkeley.edu/), and calculated PGA with a generic attenuation law (Boore and Atkinson, 2007) using average shear-wave velocity values between 0 and 30 m depth (V s 30) provided by the U.S. Geological Survey for ~1 km 2 grid cells that defi ne our PGA grid (http://earthquake.usgs.gov/hazards/apps /vs30/). While no attenuation law exists that is calibrated for low-magnitude earthquakes (M w < ~5.0), the Boore and Atkinson (2007) model produces PGA values that decay with distance from the source, so that the general trends in PGA across the study area should hold, even if the exact PGA values are inaccurate. For both sets of earthquakes, we computed the median PGA (across all earthquakes) at each grid cell and the single maximum PGA value achieved at a grid cell over the study period to compare with earthfl ow distribution. We chose to use maximum and median PGA in order to investigate the relative infl uence of single, large events versus small, frequent events, respectively.
Cross-Fault Earthfl ow Spatial Distribution
Active earthfl ows in the study area are most densely concentrated within an ~2 km zone on either side of the San Andreas fault between Parkfi eld, California, and Bitterwater, California (Fig. 1) . Approximately 60% of landslides occur within 1 km of the fault (~75% occur within 2 km of the San Andreas fault), and the earthfl ows are slightly preferentially distributed east of the San Andreas fault (Fig. 9) . This distribution may be a result of a larger fraction of southwest-facing slopes present east of the fault or from asymmetric damage zones along the fault (e.g., Dor et al., 2006; Lewis et al., 2007; Mitchell et al., 2011) . North of Bitterwater, we observe nearly all earthfl ows are northeast of the San Andreas fault (Fig. 8A) geophysical surveys that show relatively weak, fractured rock (Thurber et al., 1997; Bedrosian et al., 2004) . Zonal swath mapping parallel to the San Andreas fault allows examination of the infl uence of changes in topographic and climatic conditions on earthfl ow spatial distribution in relation to distance from the San Andreas fault. Within our fault-parallel swaths, the percent of active terrain (i.e., the percent of area occupied by earthfl ows within a given swath) peaks at ~7% along the San Andreas fault, and ranges from 0% to 3% away from the San Andreas fault (Fig. 10A) . Median topographic slope (over the entire area within the swath) is anticorrelated with percent of active terrain, dropping to ~0.27 along the San Andreas fault, and ranging between ~0.34 and 0.38 away from the fault (Fig.  10B) . Topographic relief is small southwest of the San Andreas fault (<~300 m), increasing to maximum values of ~750 m northeast of the San Andreas fault (Fig. 10C) . The percent of swath area with southwest-facing hillslopes is similar to the percent of active terrain, with a peak at ~35% near the fault, and dropping to ~22% (the expected value if hillslope aspect is evenly distributed) away from the San Andreas fault (Fig.  10D) . Annual precipitation and maximum expected 7 d rainfall intensity both show a steady increase from southwest to northeast (Fig. 10E) . The distribution of the fraction of Franciscan complex (dominantly mélange) exposed in a swath is similar to the distribution of the percent of active terrain, but there is no obvious visual correlation between other lithologies and active terrain (Fig. 10F) .
We interpret none of the above metrics as suffi cient to fully explain the observed crossfault spatial distribution of earthfl ows. As earthfl ows likely suppress the development of steeper slopes (discussed earlier herein), mean hillslope gradient in earthfl ow-dominated areas is partially set by earthfl ows themselves. Thus, we discount the anticorrelation between topographic slope and earthfl ow activity (Figs. 10A and 10B). Hillslope aspect does not appear to be a suffi cient condition to explain earthfl ow spatial distribution. If availability of southwestfacing aspects limits earthfl ow development, we would expect only a slight reduction in earthfl ow spatial density away from the San Andreas fault where ~20% of the landscape has southwest-facing hillslopes, not a drop to almost 0% active terrain. Threshold values of relief and precipitation are likely necessary for earthfl ow activity, but they are not suffi cient conditions for earthfl ow generation, as we observe onset of earthfl ows coincident with increases in relief, annual precipitation, and rainfall intensity. However, we note that relief and precipitation are correlated in nature, and, furthermore, the precipitation interpolations used here employ elevation as a predictor of rainfall, thus limiting our ability to determine the infl uences of relief and precipitation independently. Finally, earthfl ows occur in several different rock types that exist throughout the study area; and thus lithology does not appear to be restricting earthfl ow extent to areas near the San Andreas fault. We suggest that the extent of the reduced rock strength and bedrock fracturing within the fault damage zone is a primary control on the crossfault spatial distribution of earthfl ows in our study area. The high density of earthfl ows within 2 km of the San Andreas fault is within the range of general theoretical predictions and geophysical measurements for fault damage zone widths (Thurber et al., 1997; Fialko et al., 2002; Bedrosian et al., 2004; Ma, 2008; Finzi et al., 2009) , and no other morphometric or climatic variable we analyzed is suffi cient to explain the cross-fault earthfl ow spatial distribution. Reduced rock strength and high fracture density within the fault damage zone should exist along the entire length of the San Andreas fault and its splays. Therefore, if fault damage is the determining factor affecting the presence of earthfl ows, we would expect to see earthfl ow activity outside of the creeping zone.
Along-Fault Earthfl ow Spatial Distribution
In the along-fault direction, the highest spatial density of earthfl ows occurs between Parkfi eld, California, and Bitterwater, California; only one active earthfl ow was mapped south of Parkfi eld (Figs. 1, 8, and 10G) . North of Bitterwater, earthfl ows decrease in spatial density and are mostly northeast of the San Andreas fault (with some crossing the Calaveras-Paicines fault system; Figs. 1 and 8) . Zonal swath mapping in the study area perpendicular to the San Andreas fault shows median topographic slope is lowest south of Parkfi eld, is consistently between 0.30 and 0.40 for ~100 km north of Parkfi eld, and falls to ~0.22 at the northeastern extent of the study area (Fig. 10H) . Maximum topographic relief is smallest south of Parkfi eld, increases to ~750 m at ~50 km north of Parkfi eld, and then slowly decreases (Fig. 10I) . The fraction of terrain with southwest-facing aspects is scattered between ~20% and 30%, but it is generally above what is expected for an equal distribution of aspects (~22%; Fig. 10J ). Annual precipitation and rainfall intensity have similar distributions to the percent of active terrain, with lows on the southwestern and northeastern extents of the creeping section, and peaks between Parkfi eld and Bitterwater (Fig. 10K) . There is no visual correlation between the distribution of rock type and percent of active terrain (Fig.  10L) . As with the fault-parallel swaths above, topographic slope, hillslope aspect, precipitation, and lithology do not appear to individually exert a strong control on the spatial distribution of earthfl ows.
Seismic Controls on Earthfl ow Spatial Distribution within the Creeping San Andreas Fault
The abrupt increase in earthfl ow occurrence coincident with the beginning of the creeping section of the San Andreas fault suggests that earthfl ow spatial distribution may be infl uenced by the lack of large-magnitude earthquakes in the study area. We used the fault-perpendicular swaths to test for correlation between spatial density of earthfl ows and seismic ground motion. There is no visual correlation of earthfl ow occurrence with either maximum or median PGA in both the 20 yr and 427 d (May 2010-July 2011) sets of earthquakes (Fig. 11) . In fact, there is a slight anticorrelation between earthfl ow occurrence and maximum PGA for the 20 yr period (Figs. 11B and  11D ). Anticorrelation between maximum PGA and earthfl ow occurrence is consistent with our hypothesis that coseismic landslides produced by large-magnitude earthquakes remove weak material on hillslopes, effectively limiting earthfl ow source material. If coseismic landslides are on average 1 m deep and the weathering rate of bedrock averages 0.5 mm/yr (DeLong et al., 2012) , a large earthquake could suppress earthfl ow development for a period of up to 2000 yr (i.e., 1 m/0.5 mm yr -1 ), if not longer. Under such conditions, earthquake data sets extending hundreds to thousands of years would be needed to fully capture the relationship between seismic ground motion and earthfl ow spatial distribution.
DISCUSSION
Mechanisms for Fault Damage Controls on Earthfl ow Activity
We argue that the presence of a fault damage zone is the primary control on the cross-fault distribution of earthfl ows within the creeping section of the San Andreas fault, and it could increase earthfl ow activity in three ways. First, through decreasing mechanical rock strength and thus increasing susceptibility toward hillslope failure (e.g., Molnar et al., 2007; Clarke and Burbank, 2010) . Second, through creating bedrock fractures, which act as conduits for groundwater and rain fl ow. Fractures extending to the surface can aid in the rapid delivery of rain water to the landslide failure plane and have been suggested as a mechanism to increase pore-water pressure resulting in landslide movement (McSaveney and Griffi ths, 1987; Coe et al., 2003) . Third, through higher rates of weathering due to increased fracture density (e.g., Molnar et al., 2007, p. 492) . Water and biological organisms , which enter bedrock through fractures, enhance weathering via hydrolysis of minerals and root development (Graham et al., 2010) . As earthfl ow failure surfaces are commonly near the base of the zone of highly weathered bedrock (e.g., Swanson and Swanston , 1977; Trotter, 1993; Booth and Roering , 2011) , this process can produce increased availability of earthfl ow source material and thicker earthfl ow deposits, thus driving earthfl ow activity via increased gravitational stresses. Increased weathering rates may be particularly important as earthfl ows have been argued to undergo long periods of inactivity while waiting for weathering processes to renew sufficient source material for movement to reinitiate (Mackey and Roering, 2011) . The availability of readily transportable material may be especially high for earthfl ows that cross or have heads abutting the San Andreas fault (22% of earthfl ows within our study area; Fig. 1B ). For these earthfl ows, the creeping motion of the fault may drive landslide activity via lateral advection of material into the earthfl ow sediment source zone at rates faster than background weathering processes . That is, motion along the San Andreas fault could potentially supply source material to earthfl ows faster than earthfl ow movement depletes the available supply.
Do Large-Magnitude Earthquakes Suppress Earthfl ow Development?
We showed a potential anticorrelation between earthfl ows and maximum PGA within the creeping section of the San Andreas fault and further investigated the hypothesis that large-magnitude earthquakes inhibit earthfl ow development by comparing the spatial distribution of earthfl ows in the creeping versus northern locked section of the San Andreas fault and its major splays (the Hayward and Calaveras faults). North of the creeping section, the San Andreas fault passes through the Santa Cruz Mountains, eventually entering the Pacifi c Ocean ~10 km south of San Francisco, California. Earthfl ows in the Santa Cruz Mountains exist (Wieczorek et al., 2007) but are rare, and the area has a high density of rapid landslides as opposed to earthfl ows (Nolan and Marron, 1985) . Similarly, earthfl ows are not common within the fault damage zone of the Calaveras or Hayward faults. Keefer and Johnson (1983) summarized literature and conducted extensive aerial and ground-based reconnaissance to identify areas of high earthfl ow spatial density over a large portion of the San Francisco Bay area, including the entire lengths of the Calaveras and Hayward faults. Comparing mapping by Keefer and Johnson (1983) with earthfl ows identifi ed in this study shows earthfl ows are more continuously distributed along the creeping section of the San Andreas fault than along the Calaveras and Hayward faults (Fig. 12) . While Keefer and Johnson (1983) mapped an area of high earthfl ow density at the northern extent of the Calaveras and Hayward faults, earthfl ows here extend distances up to 12 km from the fault, suggesting factors besides faultzone damage are infl uencing the earthfl ow spatial distribution. Both the Santa Cruz Mountains and the areas adjacent to the Calaveras and Hayward faults feature abundant exposure of Franciscan mélange and other lithologies that have been documented to host earthfl ows (Jennings and Burnett, 1961; Rogers, 1966) , suggesting rock type does not limit earthfl ow occurrence north of the creeping section. To investigate the controls of relief, hillslope gradient, aspect, and annual precipitation on earthfl ow spatial distribution, we performed a swath analysis similar to that presented earlier herein for the area extending ~2 km on either side of the San Andreas fault from the Transverse Ranges to the San Francisco Peninsula. These swaths showed that relief, slope, and aspect are similar between the northern locked and creeping sections of the San Andreas fault, although annual precipitation is higher in the former.
Given the similarity in lithology, topography, and climate between the northern locked and creeping sections of the San Andreas fault, we expect an equal spatial distribution of earthfl ows within the fault damage zones of both areas. The lack of earthfl ows within the fault damage zone north of the creeping section may be controlled by large-magnitude earthquakes, which induce coseismic landslides. The Santa Cruz Mountains experienced many coseismic landslides during the 1906 San Francisco earthquake (M w = 7.9) and the 1989 Loma Prieta earthquake (M w = 6.9) (Lawson, 1908; Keefer, 2000) . Similarly, paleoseismology on the Hayward fault shows large-magnitude earthquakes have a recurrence interval of ~160 yr, with the last earthquake in 1868 (M w = 6.8) (Lienkaemper et al., 2010) , and that there have been 13 M w > 5 earthquakes on the Calaveras fault in the past 150 yr (Oppenheimer et al., 1990; Manaker et al., 2003) . Coseismic landslides associated with these large-magnitude earthquakes may preferentially remove weathered and fractured bedrock from hillslopes, thus limiting the availability of source material for earthfl ow transport, and suppressing earthfl ow development. This last point is diffi cult to unambiguously prove as climatic, topographic, and geologic conditions vary when moving from the creeping to the locked sections of the San Andreas fault (Fig. 13) . For example, heavy rainfall associated with an El Niño year (1997) (1998) produced a large number of rapid landslides in the Santa Cruz Mountains (Baum et al., 1999) , suggesting that rainfall-induced shallow landsliding may also limit earthfl ow source material. Similarly, Keefer and Johnson (1983) showed areas of high earthfl ow density outside of the fault damage zone, perhaps driven by increased regional precipitation in the San Francisco Bay area, which could allow earthfl ow development despite increased rock strength. Ultimately, the competing infl uences of topography, climate, lithology, rock strength, and seismicity all can affect earthfl ow spatial distribution.
Comparisons of earthfl ow distribution between the creeping and southern locked section of the San Andreas fault are diffi cult. At the southern extent of the creeping section, coseismic, rapid landslides have been documented for the 1966 and 2004 Parkfi eld earthquakes (both M w = 6.0) (Brown et al., 1967; Rymer et al., 2006) . Unfortunately, despite observing the southern extent of our mapped earthfl ows coincident with the onset of coseismic landslides, we were unable to test the anticorrelation of earthfl ows and seismicity in this region. Our swath analysis showed that relief, hillslope gradient, and precipitation decrease south of the creeping section of the San Andreas fault, as 
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High earthflow density area (Keefer and Johnson, 1983) Mapped earthflows the San Andreas fault enters a broad, low-relief valley (Fig. 13) . Thus, topography and climate in the southern locked section are not suitable for the generation of earthfl ows, regardless of the degree of seismicity. We interpret the observed earthfl ow spatial distribution within the creeping section of the San Andreas fault to be a unique case where low regional precipitation and the absence of large-magnitude earthquakes limits the spatial distribution of slow-moving landslides to the reduced-rock-strength and high-fracture-density fault damage zone, thus allowing a test of rock strength and bedrock fracture controls on earthfl ow spatial distribution. It is possible that under changing environmental conditions (for example, increased precipitation), earthfl ows could become more frequent in areas outside of the fault damage zone of the creeping San Andreas fault. In such a scenario, earthfl ows within the fault damage zone may occur at lower slopes due to decreased rock strength.
We fi nd that faulting introduces competing infl uences that can both promote and suppress the occurrence of slow-moving landslides through reduced rock strength and large-magnitude earthquakes, respectively. These processes should be accounted for in the development of landscape evolution models and geomorphic transport laws that incorporate earthfl ow processes. Future work on the relative infl uences of tectonics, climate, topography, and lithology is needed to develop a robust model to predict the spatial distribution of earthfl ows, similar to previous work for shallow landslides (e.g., Montgomery and Dietrich, 1994; Dietrich et al., 1995) . 
CONCLUSIONS
We used a combination of airborne InSAR and high-resolution aerial images to map the occurrence and extent of active, slow-moving landslides in an ~145 by 22 km swath centered on the creeping portion of the San Andreas fault, California. The majority of mapped landslides show high interferometric correlation and display seasonal increases in line-of-sight velocity corresponding to periods of increased precipitation. The earthfl ows occur dominantly with mean hillslope gradients near 0.32, suggesting slow-moving landslides create threshold hillslopes at slope angles signifi cantly lower than commonly assumed for rapid landslides. We fi nd a strong association between earthfl ow occurrence and distance from the San Andreas fault, with ~75% of mapped landslides occurring within 2 km of the fault trace. This zone corresponds to theoretical predictions and fi eld measurements of the surfi cial extent of the San Andreas fault damage zone. The observed spatial distribution of earthfl ows cannot be explained by topographic metrics, rock type, or climate alone. Instead, we suggest that the extent of the fault damage zone locally controls the spatial distribution of earthfl ows along the creeping section of the San Andreas fault. The fault damage zone features fractured and pulverized rock, which reduces bulk-rock strength, increases bedrock permeability, and may increase bedrock weathering rates (and hence, earthfl ow thickness), all of which promote earthfl ow activity. Earthfl ows occur at lower spatial densities north of the creeping section, perhaps as a result of large-magnitude earthquakes inducing coseismic landslides that suppress earthfl ow development via removal of earthfl ow source material from hillslopes. We suggest that reduced rock strength, bedrock fracturing, threshold precipitation and relief, fi ne-grained rock, and possibly the absence of large-magnitude earthquakes are necessary conditions for earthfl ow development in central California. None of these variables alone is suffi cient for earthfl ow formation, but in certain cases, a single variable can exert a strong control.
